Abstract. Chickpea (Cicer arietinum L.) is characterised by a different adaptation profile from the other crops of West Asian origin such as pea, barley, and wheat. In this paper we suggest that a series of four evolutionary bottlenecks occur in chickpea: (1) the scarcity and limited distribution of the wild progenitor, C. reticulatum Ladiz., (2) the founder effect associated with domestication, (3) the shift, early in the crop's history, from winter to spring sowing, and the attendant change from using rainfall as it occurs to a reliance on residual soil moisture, and (4) the replacement of locally evolving landraces by elite cultivars produced by modern plant breeding. While two of the bottlenecks are common to all species, the limited distribution of the wild progenitor and shift of cropping from utilisation of current rainfall to stored soil moisture is unique to chickpea. In this paper we suggest that in order to widen the genetic base of cultivated chickpea it is imperative to reintroduce traits from across the primary gene pool. Moreover, a comparative physiological approach to the study of adaptation among the annual wild relatives of chickpea may reveal adaptive strategies within the genus currently obscured by monomorphic loci. The poor state of the world collection of annual wild Cicer species severely constrains the implementation of both these imperatives. We suggest that an extensive collection of annual wild Cicer species, based on ecogeographic principles to maximise the probability of collecting diverse ecotypes, should provide a better understanding of the biology and adaptation in this ancient crop and lead to improved productivity.
The chickpea crop
Chickpea (Cicer arietinum L.) ranks third among the world's food legumes, with a total production of ca 7.8 million metric tonnes from an area of ~9.9 million ha in 2002 (FAO 2002) . The Indian sub-continent accounts for approximately 75% of the global production while the rest is produced in eastern Africa, the Mediterranean basin, West Asia, Australia, southern Europe, and North and South America (FAO 2002) . Chickpea provides high quality protein and starch to the predominantly vegetarian population in India, and large population sectors in other South Asian, West Asian and southern European countries and is considered a health food in many developed nations. Only 5-10% of the global chickpea production is traded in world markets (FAO 2002) , demonstrating the immense economic and nutritional significance of chickpea to the rural communities in which it is grown. Being of little economic significance to most industrialised nations, chickpea research has been relatively neglected. Despite considerable efforts and progress made at ICARDA (International Centre for Agricultural Research in the Dry Areas) and ICRISAT (International Crops Research Institute for the Semi-Arid Tropics), chickpea research is in its infancy and poor adaptation still limits productivity (Kumar and Abbo 2001) .
Domestication and evolution
Chickpea is a member of the West Asian Neolithic crop assemblage, associated with the origin of agriculture in the Fertile Crescent some 10000 years ago (Lev-Yadun et al. 2000; Zohary and Hopf 2000) . The distribution of the wild progenitors of most West Asian crops, such as wheat (both diploid and tetraploid), barley, pea, lentil, bitter vetch and flax, is relatively wide, extending throughout the eastern Mediterranean basin into West Asia, and in some cases as far as Central Asia (Zohary and Hopf 2000) (Fig. 1) . In contrast, the wild progenitor of cultivated chickpea, C. reticulatum (Ladizinsky and Adler 1976) is a rare species, currently reported from only 18 narrowly distributed locations (37.3-39.8°N, 38.3-43 .6°E) in south-eastern Turkey (Berger et al. 2003) (Fig. 1) . Increasing human activity and
Viewpoint:
1 st Bottleneck: restricted distribution of wild progenitor of chickpea, compared to other Neolithic crops • C. reticulatum is restricted to small area in SE Turkey.
• The progenitors of other Neolithic crops were found throughout present-day Turkey, along the Eastern Mediterranean and further east into Iran, Iraq and beyond.
nd Bottleneck: the 'founder effect' associated with domestication of wild progenitors into Neolithic crops
• Monophyletic origin suggested for most crops (Ladizinsky 1985; Abbo et al. 2001) , so this is likely to be a large loss of genetic diversity for almost all Neolithic crops. • Note that the 'founder effect' is likely to be relatively smaller in wheat because of recurrent hybridization between the partner species responsible for the modern hexaploid genome (Feldman et al. 1995) .
3 rd Bottleneck: the change from autumn-to spring-sowing in chickpea • Chickpea changed from an autumn-to a spring-sown crop in the Early Bronze Age, probably in response to ascochyta blight (Kumar and Abbo 2001) . This was achieved by selecting against a vernalization response present in its progenitor, and implies a further loss of genetic diversity.
• Unlike chickpea, the other crops of the Neolithic assemblage retained the autumn-germination, springmaturity phenology of their wild progenitors, so there was no comparable further narrowing of the genetic base at this stage.
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Lentil Pea Chickpea 4 th Bottleneck: the replacement of landraces by elite cultivars produced by modern plant breeding • This genetic bottleneck is common to all crops serviced by modern plant breeding methods. Lev-Yadun et al. (2000) ] and the series of four sequential bottlenecks responsible for the reduced genetic diversity in modern cultivated chickpea, compared with other crops domesticated in West Asia during the Neolithic period. The loss of diversity is presented diagrammatically using block arrows of different sizes (note that scale differences between arrows are not directly proportional to changes in diversity, they are merely intended as an illustrative guide).
minor climatic change during the last 10000 years in the Mediterranean basin and south-west Asia notwithstanding, it is likely that the current distribution of C. reticulatum reflects the species' range during the early stages of Neolithic agriculture, when initial attempts at farming and domestication took place. Archaeological evidence demonstrates that Neolithic habitats often resemble present day environments in terms of species composition (Lev-Yadun and Weinstein-Evron 1994; Hillman et al. 2001) . Moreover, the Younger Dryas (13000-11500 years ago), a period of significant ecological change in mainland Europe, had very little impact on species composition in the eastern Mediterranean (Bottema 1995 (Robertson et al. 1997) , the most widely dispersed taxa of the genus (Berger et al. 2003) . We consider the narrow ecogeographic distribution of the wild progenitor C. reticulatum to be the first bottleneck of chickpea. Based on both genetic (Zohary 1999) and archaeological evidence (Lev-Yadun et al. 2000) , the process of domestication of most West Asian crops appears to have occurred at a single or very limited number of places and points in time. Genetic evidence suggests that domestication in many crops involved a limited number of founding genotypes (Ladizinsky 1985; Abbo et al. 2001) . This selection of a small number of individuals out of potentially diverse original populations ('founder effect'), later to become widespread as cultivated forms, is an almost universal phenomenon referred to as 'the domestication bottleneck', and represents the second narrowing of the genetic base of chickpea ( Fig. 1) . While all modern crops have passed through the bottleneck associated with the founder effect, the relative loss of variation may not be the same in all cases. It could be argued that the founder effect is larger in a crop with a widespread, highly variable wild progenitor, such as barley, because the founder genotype is only one of many possible candidates for domestication, all of which may differ to some extent. However, it should be recognised that in this instance the potential for a polyphyletic, as opposed to a monophyletic origin, is increased. Indeed, there is evidence that in both wheat and barley there were multiple domestications (Feldman et al. 1995; Ladizinsky 1998) , which may have widened the genetic base of these crops. In chickpea there is considerable evidence supporting the domestication bottleneck, from a range of genetic diversity studies based on isozymes (Labdi et al. 1996; Tayyar and Waines 1996) , sequence-tagged microsatellite (STMS) sites (Choumane et al. 2000) , randomly amplified polymorphic DNA (RAPD) and inter-simple-sequence-repeat (ISSR) markers (Iruela et al. 2002) . In all cases C. reticulatum, the wild progenitor, was more diverse than C. arietinum, the cultigen, even when the latter greatly outnumbered the former in terms of accessions sampled, and was collected from a wide range of geographically isolated countries (Labdi et al. 1996; Iruela et al. 2002) .
Most crops of West Asian origin, and their wild progenitors are characterised by phenology similar to the annual eastern Mediterranean flora, namely, autumn germination, late winter/early spring flowering and early summer maturation (Zohary 1966 (Zohary , 1972 Feinbrun-Dothan 1978 , 1986 . Chickpea is the exception to this rule, undergoing a third bottleneck when it was transformed in West Asian and Mediterranean environments from an autumn-to a springsown crop before the Early Bronze Age, probably to avoid the devastating effect of Ascochyta blight caused by the fungus Ascochyta rabiei (Pass.) Lab. . Associated with this delayed sowing is a reliance on residual soil water, rather than using rain as it falls during the winter months in Mediterranean-type agro-ecosystems. In West Asia, temperatures of approximately 20-25°C together with a high probability of rainfall, climatic conditions favouring the spread of Ascochyta blight, occur from early February until early April (Nene and Reddy 1987) . Moreover, an autumn-sown crop has a fully enclosed canopy at this stage, creating an ideal humid micro-climate for A. rabiei to cycle through repeated generations by asexual conidial reproduction. Indeed, Ascochyta blight remains the major biotic constraint for chickpea production under Mediterraneantype conditions to this very day (Singh and Reddy 1996) . Since the disease is far less severe in spring-sown chickpea, it is considered the most likely reason for the ancient switch to spring sowing, which remains the dominant practice throughout the region today . It is likely that this change in sowing practice required the selection of vernalization-insensitive genotypes, since the wild progenitor remains responsive to vernalization (Abbo et al. 2002) , whereas this is not the case in chickpea according to Summerfield et al. (1989) , suggesting that the selection of genotypes that suit post-rainy season cropping has further reduced the genetic diversity of the crop. Hence, conversion to spring sowing was a third evolutionary bottleneck in cultivated chickpea (Fig. 1) .
Finally, there is a fourth bottleneck in chickpea, which is common to all crops grown under the increasingly industrialised farming systems of the late 20th and early 21st centuries, particularly self-pollinating species. This is the loss of variation associated with the replacement of locally evolving landraces by elite cultivars produced by modern plant breeding methods, which are often based on crosses between genetically similar parental lines (Tanksley and McCouch 1997) . Because this is a common phenomenon among most modern crops, and has been eloquently reviewed by Tanksley and McCouch (1997) , the fourth bottleneck will not be further discussed in this paper.
Both in terms of the restricted distribution of its wild progenitor and the conversion of its crop cycle to spring planting, chickpea is an exception among West Asian crops. Indeed, this succession of evolutionary bottlenecks has had a profound effect on cultivated chickpea. Studies using genetic markers have demonstrated low levels of polymorphism in chickpea relative to other crops. Morphological and RFLP markers have been sufficiently polymorphic to create complete linkage maps using cultivated-by-cultivated crosses in pea (Ellis et al. 1992 ) and barley (Kleinhofs et al. 1993 ). Owing to a lower level of DNA polymorphism, this approach has been inadequate in chickpea.
Even interspecific hybridisation with C. reticulatum could not expose sufficient polymorphism to produce a complete genetic map based on RFLP and RAPD markers (Simon and Muehlbauer 1997) . Only the application of highly polymorphic SSR markers has produced a more detailed, but still incomplete map of the chickpea genome . In addition, there is considerable indirect evidence supporting a lack of diversity among chickpea cultivars. There are a relatively small number of pest and disease resistance genes in chickpea (Singh 1997 ) compared with the cereal crops (GrainGenes 2001). Ascochyta blight resistance is particularly rare [five robustly resistant genotypes found among 20000 cultivars tested (Singh et al. 1994) ]. Similarly, there appears to be a lack of diversity among phenological strategies in cultivated chickpea, as evidenced by the lack of a vernalization response (Summerfield et al. 1989) , and the high proportion of strongly daylength-sensitive types among kabuli cultivars Kumar and Abbo 2001) .
Implications for adaptation
The relative abundance of genetic variation in wheat, barley and pea is a reflection of their different evolutionary histories and has had important ramifications on the subsequent distribution patterns of these crops. Bread wheat is a hexaploid, thought to have originated from hybridisation between a primitive tetraploid cultivated form (genome AABB) and wild Aegilops tauschii Coss. (genome DD), followed by chromosome doubling. The resulting species (AABBDD) harbours adaptive alleles to both semi-arid environments (from the tetraploid parent originating from West Asian semi-arid habitats), and to cooler, high-rainfall environments [from the D genome donor, an element of the Central Asian steppe, north-east of the Caspian basin (Dvorak et al. 1998) ]. This unique constitution is generally believed to have facilitated the successful spread of bread wheat from West Asia across Europe in prehistoric times and more recently into both lower and higher latitudes. Moreover, based on recent occurrence of natural hybrids between cultivated (4×) wheats and weedy types of A. tauschii, it has been suggested that hexaploid wheats were formed recurrently by a series of hybridisation events involving different genotypes of the D-and AB-genome donors (Feldman et al. 1995) , thereby capturing a wider range of genetic variation. Such an explanation cannot, however, account for the similar success of barley and pea, both diploids of West Asian origin, currently grown from northern Europe to peninsular India and Ethiopia, from the Canadian prairies to Central America, and also widely throughout the southern hemisphere (FAO 2002) . By definition, such a global distribution suggests that a wide range of adaptive variation exists in both cultivated pea and barley. This wide adaptation may be attributable to the widespread distribution and relative abundance of their wild progenitors (Zohary and Hopf 2000) , as well as the lower impact of subsequent evolutionary bottlenecks after domestication.
In contrast to the wide distribution of cultivated lentil, pea, barley or wheat, the ancient selection of chickpea genotypes for cropping on residual soil moisture has facilitated the dissemination of the crop to sub-tropical regions (of India and East Africa), where it is grown in the post-rainy season. However, cultivated chickpea is poorly adapted to the high rainfall, temperate growing regions of Asia and Europe. When chickpea was recently introduced into wheat-based cropping systems of the United States and Canada, it was as a summer crop. Moreover, when it was introduced into Australia as an autumn-planted crop less than 25 years ago, Australia was Ascochyta-free, but the introduction of Ascochyta after 17 years reduced production significantly, particularly in the Mediterranean-climatic southern region. Therefore, at least initially, chickpea productivity in Australia could be indicative of its capacity to return to its original autumn-sown crop cycle. However, genotype-by-environment studies reveal that in Australian Mediterranean-type environments, chickpea is far less productive, even when Ascochyta-free, than other crop and forage legumes of Mediterranean origin such as faba bean, field pea, common vetch (Vicia sativa L.) and narbon bean (V. narbonensis L.) (Siddique et al. 1999) . The relatively poor performance of autumn-sown chickpea is due to late phenology, which exposes the crop to terminal drought during the pod filling stage (Turner et al. 2001 ). Sensitivity to low temperatures results in high rates of seed and pod abortion, therefore early flowering types are unable to advance their reproductive phase and escape terminal drought (Lawlor et al. 1998; Srinivasan et al. 1998; Srinivasan et al. 1999) . In our view, this serves as evidence that unlike wheat, barley or pea, the evolutionary history of chickpea imposes severe limitations on its adaptation, and hence its global distribution.
The lack of diversity in cultivated chickpea has implications for agronomists, physiologists and breeders alike (Singh 1991; Davies 1999; Davies et al. 2000) . The former are hampered by a lack of contrasting genotypes to study, and as a result the current understanding of chickpea biology is relatively poor. Summerfield's (1989) work, which demonstrated the lack of a vernalization response in cultivated chickpea, and may have given readers the impression that no such loci exist in chickpea, is an excellent illustration of this point. Using C. arietinum × C. reticulatum progeny, Abbo et al. (2002) demonstrated the existence of vernalization-responsive alleles, suggesting that cultivated chickpea is probably monomorphic at these loci. In other words, the potential for vernalization was present in the chickpea genome, but masked by the lack of diversity for this trait in the cultivated genotypes. Similar limitations apply to genetic analyses for other agronomic and economic traits, which have largely been conducted using the progeny of cultivated × cultivated crosses (Singh et al. 1992; Or et al. 1999) .
The economic ramifications of this lack of diversity are possibly even more important. Further improvement of cultivated chickpea for higher yield potential and resistance to biotic and abiotic stresses is dependent on breeders' abilities to identify allelic variation at key loci. Genetic analyses based on intraspecific segregating populations or recombinant inbred lines can only expose existing polymorphism present within the cultivated gene pool, thus, monomorphic loci will remain obscure, as in the case of the vernalization response. This is further demonstrated by the relative rarity of genotypes resistant to biotic and abiotic stresses discussed earlier, and summarised in Singh et al. (1994) . Another less self-evident ramification of the lack of genetic diversity in cultivated chickpea is the effect on the breeding process itself. Given that the narrow genetic base of cultivated chickpea has reduced the range of adaptive strategies displayed by the crop, it follows that the management options are similarly limited. Without prior information on the existence of potentially useful traits or adaptive strategies, breeders are unlikely to attempt to expose the responsible loci in crossing programmes.
A new framework for progress
In our view, in order to maximise the potential of cultivated chickpea and improve our understanding of its biology it is imperative to introduce more diversity into the primary gene pool. Additionally, the application of a comparative physiological approach, in which adaptive strategies in closely related wild species are investigated, is important in order to uncover monomorphic loci masked in cultivated chickpea. Wild germplasm lends itself to these types of studies because adaptive strategies have evolved independently of the domestication processes.
The idea of utilising wild germplasm for crop improvement is an old one (Aaronsohn 1910) , and has been applied in wheat, rice and tomato (Gerechter-Amitai and Garama 1974; Tanksley and McCouch 1997) among others. A similar approach is starting to take place in chickpea with the introgression of genes from C. reticulatum and C. echinospermum PH Davis (Yadav et al. 2002; Berger et al. 2003) . Tanksley and McCouch (1997) stress the importance of using the most genetically dissimilar material when crossing crops with wild germplasm. Unfortunately, the restricted distribution of cross-compatible wild relatives, their extremely poor representation in the world collection, and the difficulty of interspecific hybridisation severely constrain the potential of this approach in chickpea at this time. There are only 18 original accessions of C. reticulatum, and 10 of C. echinospermum, collected from a small area in south-eastern Anatolia (Table 1) . It is essential to increase germplasm numbers in the primary gene pool of the cultigen to maximise the genetic diversity available for introgression into C. arietinum. Even though the diversity available within C. reticulatum and C. echinospermum is likely to be relatively low compared with that in the wild relatives of pea or barley, 10000 years of evolution in both wild and domesticated species since the beginning of agriculture suggest that the resultant widening of the genetic base would be very useful. This is certainly confirmed by the range of biotic and abiotic resistances found among the annual wild Cicer species (Singh et al. 1998) , and by productivity gains in cultivated chickpea resulting from wide crosses inside the primary gene pool Yadav et al. 2002) .
A comparative physiological approach has been applied to cereal crops using both wild and cultivated forms, resulting in a deep understanding of cereal biology and the factors limiting yield (Evans 1993) . We suggest that only by comparing contrasting ecotypes of annual wild Cicer (Berger et al. 2003) . Table 1 shows that there are very few original accessions in any annual wild Cicer species, and that the areas from which they have been sampled is generally correspondingly small. Only three species, C. pinnatifudum, C. judaicum, and C. bijugum K.H. Rech., have been collected across a range of environments in a variety of countries (Table 1) . Even in these three species low accession numbers make it difficult to investigate adaptive strategies in a balanced manner because collections are dominated by relatively large numbers from single, uniform environments, whereas the extremes of the range are represented by only a single accession (Berger et al. 2003) . For example, only a single C. bijugum accession has been collected from southern Syria (32.7°N), compared with 19 accessions from 36.4-38.1° N (Berger et al. 2003) . Clearly, it becomes even more difficult to compare adaptive strategies across contrasting environments for the other, much more limited collections listed in Table 1 . In this context, the recent report on newly collected annual wild chickpea by Sudupak et al. (2002) is encouraging.
In order to correct this imbalance it is essential to conduct extensive germplasm collection based on ecogeographic principles. Because of the small numbers of accessions currently held, increasing the size of the world collection of annual wild Cicer species will markedly increase diversity. Moreover, by filling in the gaps at the edges of the species' distribution ranges, in terms of climate, geography and elevation, the probability of collecting diverse germplasm is maximised. We believe this is essential for both introducing more diversity into the primary gene pool, and uncovering adaptive strategies in the genus Cicer, which will be of great significance for widening the genetic base and economic yields of cultivated chickpea.
